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Military installations are valuable in global biodiversity conservation as they secure
representative ecosystems from land conversion and protect many threatened or
endangered species. Selecting suitable areas for biodiversity conservation within military
installations is a challenging problem as this must not impede military training activities.
The issue gets more complicated when considering multiple cohabiting species in a
metacommunity with species dependency. In this paper, we present an example for
the conservation of two cohabiting species, Gopher Tortoise (GT) and Gopher Frog
(GF), located within the boundaries of a military installation, Fort Stewart, Georgia,
United States. The GF depends on both locations of GT habitat (burrows) and ephemeral
vernal ponds (for breeding). We develop a model that identifies the cost-efficient areas
for the conservation of these two species while taking into account the dependency of
GF on GT burrows. The model selects a specified number of conservation areas for the
two species, where each GF conservation area covers an adequate number of vernal
ponds for the GFs to accommodate their reproduction, and each GT conservation area
provides adequate habitat quality to sustain a viable GT population. The model also
requires each GF site to be located close to GT sites so that the GFs could find refuge
after they leave the water. We use the total distance of selected sites to the main roads
in the military installation as a proxy for the conservation cost. We achieve contiguity
of each conservation area by selecting sites that are adjacent to a central site of the
conservation area to ensure undisrupted travel for both the GFs and the GTs. Using
the model, we generated alternative configurations of conservation areas that could be
considered by the land managers of Fort Stewart. Our methods are general and can be
applied to other reserve site selection and land management problems with cohabiting
interrelated species.
Keywords: reserve site selection, metacommunity conservation, cohabiting species, vernal ponds, military and
conservation
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Military training areas are estimated to cover 5–6% of the Earth’s
land surface and they have the potential to make a significant
contribution to global biodiversity conservation (Aycrigg et al.,
2015; Zentelis and Lindenmayer, 2015). This is because most
military training areas sustain diverse ecological systems and
many threatened or endangered species by protecting them from
land conversion to agriculture and urban uses. Conservation of
these ecosystems and species has yet to be planned systematically
by identifying the most suitable areas in such a way that
the biodiversity conservation goals could be achieved without
impeding the military training activities.
Among the military installations in the continental
United States, Fort Stewart in Georgia has the greatest number
of federally and state-listed amphibian and reptile species
(Petersen et al., 2016). One of those species is Gopher Tortoise
(Gopherus polyphemus), hereafter referred to as GT or the GTs,
which is native to the southeastern United States and has a
status of vulnerable according to IUCN (2021). The GTs are a
keystone species currently listed as state-threatened in Georgia
and a candidate to be listed as federally-threatened. Another
important species in the region is Gopher Frog (Lithobathes
capito), hereafter referred to as GF or the GFs. The GFs have an
imperiled status according to NatureServe (2020). The GFs breed
in vernal ponds which are numerous throughout the installation.
Vernal ponds are seasonal wetlands covered by shallow water in
wet seasons of the year and may be completely dry at other times.
These ponds, ranging in size from small puddles to shallow lakes,
provide habitat for many threatened or endangered plants and
animals, including the GFs. Due to road-building, re-grading of
land, industrial and residential development, or other human
activities, vernal ponds and the ecological communities and
species they sustain have been damaged or threatened. Protecting
these vernal ponds, therefore, has received a substantial amount
of attention in the past two decades (see, e.g., Compton et al.,
2007; Gamble et al., 2007; Joly, 2019; Sterrett et al., 2019; Kieran
et al., 2021). The GFs spend their larval period in vernal ponds,
which is estimated to last approximately 3–4 months, then the
juveniles and adults travel to and live in upland areas around
these ponds. When open-air conditions become unfavorable, the
GFs seek shelter in nearby GT burrows to avoid fire, extreme
heat, cold, and dry weather (Alexy et al., 2003; Roznik and
Johnson, 2009; Smith et al., 2021)1 . In the past decade, Fort
Stewart has been expanding its military training areas within the
installation Protecting these two ecologically important species
while not impeding the military training activities has become
an important problem for the land managers. The conservation
problem requires a site selection approach that accounts for the
dependency of the GFs on GT burrows.

We extend methods from the reserve design/site selection
literature that use integer programming approaches to optimize
site selection for conservation of species (Cocks and Baird, 1989;
Ando et al., 1998; Williams et al., 2005; Billionnet, 2013). For
our application, at least two important features, among others,
need to be considered. These are the contiguity of selected
conservation areas and the dependency of GF on the GT burrows.
Contiguity is one of the spatial attributes that has long been
acknowledged to be important in sustaining the functioning of
conservation reserves (see, e.g., Diamond, 1975; Simberloff, 1988;
Margules and Pressey, 2000). Several methods and models to
achieve reserve contiguity have been developed (Williams et al.,
2005; Moilanen et al., 2009; Billionnet, 2013). The conservation
of multiple species has been addressed in several studies, with
(Beier et al., 2011; Alagador et al., 2012; Jafari and Hearne, 2013;
LeBras et al., 2013; Wang and Önal, 2016) or without (McCarthy
et al., 2006; Nicholson and Possingham, 2006; Nicholson et al.,
2006; Jantke and Schneider, 2010) the consideration of spatial
attributes, contiguity in particular, of conservation areas. In
those studies, species are usually considered collectively but
independently, that is they are treated as a whole with the
dependency between them being largely ignored. Recently Wang
et al. (2020) presented an optimization method to design
conservation areas for these two species in Fort Stewart. In their
model they required that a selected GF site must also be a selected
GT site, that is, the conservation areas for the GFs must be
completely located within the conservation areas for the GTs.
Since the GFs have some capacity to travel (usually up to 2 km),
that requirement may be relaxed as long as the GFs can travel to
some nearby GT burrows to seek refuge.
In this paper, we present a modified optimization model,
specifically a mixed-integer programming (MIP) model
to address the problem of conservation planning of these
two species in Fort Stewart. Rather than locating the GFs’
conservation areas within those of the GTs’, we hypothesize that
the GFs’ chance of survival could be promoted by securing a
specified number of ponds in each GF conservation area and
explicitly model the dependency of the GFs on the GT burrows
nearby the GF sites. For this purpose, we have extended one of
our previous models which employed the classical p-median
formulation for the conservation of a single species (Önal et al.,
2016). We require that a specified number of conservation areas
for each species is to be configured, each covering an adequate
number of vernal ponds for the GFs and/or providing adequate
habitat quality for the GTs. We also require that around each
GF site there must be some GT sites wherein the GFs could find
refuge after they leave the water. We use the model to identify
potential conservation areas for both of these two cohabiting
species in Fort Stewart military installation. We conclude by
discussing some possible extensions of the model.

1

METHODS AND THE MODEL

INTRODUCTION

The dependency of the GFs on GT burrows is not strict as the GFs can also use
other burrows or tree stumps (Smith et al., 2021). However, the dependency is
believed to be high. Smith et al. (2021) conducted a scientific sampling of GT
burrows and found 274 GFs in 1,097 GT burrows located at four different sites
with GF occupancy rates ranging from 0.17 to 0.25 across the four sites. They also
note that the GF occupancy rate in GT burrows occupied by GTs is even higher, in
the range of 0.49–0.79.
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We use integer programming methods from the site
selection/reserve design literature to solve the above problem of
identifying sites for conservation of the GTs and the GFs. For
our specific application in this study, we start by dividing the
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situations, this normative objective can be measured by the cost
of purchasing or leasing the selected sites. In the application
we present in this study, the entire planning area is owned by
the military, thus no such economic cost is involved. However,
there is an operation/maintenance cost involved depending
on the location and size of the individual conservation areas.
The conservation managers visit individual sites at certain
times to perform certain operations such as thinning or
burning undesirable bushes, cutting certain trees, or seeding
the understory. The cost of manpower to be allocated to such
operations can be substantial. A good proxy for those costs could
be the distance from the nearest main road, which reflects the
burden of having a maintenance tour to the site as the further
the selected sites are from the main road, the more difficult it
would be to do management works in the conservation area.
Therefore, as a proxy to the overall economic cost, we consider
the total distance of selected sites to the main roads in the
military installation. This simplified proxy measure does not
reflect the true cost of conservation tasks to be performed, but
it is operational. Each GF conservation area must contain an
adequate number of ponds, each GT conservation area must have
an adequate GT carrying capacity, and around each GF site, there
must be a specified number of GT sites for GFs to find burrows
to shelter. The following mathematical model incorporates all
these considerations:
X
Min
di Vi
(1)

entire planning area into disjoint spatial units each of which will
or will not be selected for conservation. In the general case, each
selected unit must protect at least one species, preferably multiple
species simultaneously. In the particular application that will
be presented here, each selected unit must serve as a protected
habitat site for either GT or GF or both. A collection of the
selected units that serve a viable population of GT or GF is called
a conservation area. The overall conservation plan may include
multiple detached conservation areas each serving a particular
population of the two species. The spatial units, called sites or
cells, may have regular or irregular shapes. In this particular
application, we consider regular grid squares as spatial units.
Two sites are adjacent if they share a common edge or corner.
A conservation area is contiguous if any pair of sites in it can be
linked through a chain of adjacent sites all of which are included
in the same conservation area. Both the GFs and the GTs need
fairly large habitat areas that may range up to several hundred
hectares (NatureServeExplorer, 2020). Therefore, we suppose
that a site plus the sites adjacent to it (at most nine sites for a
grid partition) is large enough for a viable population of each
species. We configure each conservation area around a central
site where the selection of the central sites and the assignment
of selected sites to the individual conservation areas will both
be determined endogenously by the model. We require that
each conservation area sustains a viable population of the target
species either by including an adequate number of ponds for the
GFs or by including an adequate amount of carrying capacity for
the GTs. We incorporated the dependency of the GFs on the GT
burrows by requiring that adjacent to each selected GF site there
must be some selected GT site(s) to provide a specified number
of burrows. We designed a specified number of conservation
areas for each species to promote the likelihood of these species’
long-term survival.
The notation used in the model is as follows. i, j: indexes
of candidate sites; s: index of target species, s1 represents the
GF, and s2 represents the GT; di : the distance from site i to the
nearest main road in the military installation; rs : the number of
populations (conservation areas) to be protected for species s;
pi : the number of ponds in site i for the GFs; bi : the carrying
capacity of site i for the GTs; Pf : the minimal number of ponds in
a conservation area (to ensure successful reproduction of the GFs
in that area); Bt : the minimal carrying capacity of a conservation
area for GT (to sustain a viable GT population in that area); Bf :
the minimal carrying capacity of the GT sites adjacent to any GF
site (to provide burrows to the GFs); Ni : the set of sites adjacent
to site i (including site i itself); Usi : a binary variable which takes
the value of 1 if site i is selected for species s and 0 otherwise; Vi :
a binary variable which takes the value of 1 if site i is selected (for
whichever species) and 0 otherwise; Xsji : a binary variable which
takes the value of 1 if site j is the center of a conservation area
designated to species s and site i belongs to that area.
The algebraic model below configures the specified number
of conservation areas for each of these two species. Note that
there can be numerous spatial configurations satisfying the
conservation requirements outlined above. Here, in addition
to the conservation targets, we aim to find the economically
most preferable configuration(s). In most conservation planning
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i

X

Xsjj = rs for all s

(2)

j

Xsji ≤ Xsjj for all s, i, j ∈ Ni
X

(3)

pi ∗ Xs1ji ≥ Pf ∗ Xs1jj for all j

(4)

bi ∗ Xs2ji ≥ Bt ∗ Xs2jj for all j

(5)

i∈Nj

X
i ∈Nj

X

Xsji = Usi for all s, i

(6)

bj ∗ Us2j ≥ Bf ∗ Us1i for all i

(7)

j∈Ni

X
j∈Ni

Usi ≤ Vi for all s, i

(8)

The objective function (1) minimizes the total distance between
selected sites and their nearest main road. Constraint (2) specifies
the number of populations (or equivalently the number of
conservation areas) to be protected for each target species. When
Xsjj = 1, site j is a center for species s, and a viable population or
equivalently a conservation area sustaining the viable population
will be protected around it. Constraint (3) states that if a site i is
selected into the conservation area which is centered at site j and
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FIGURE 1 | Locations of the ephemeral ponds and roads, the suitability of the land to support the Gopher Tortoise (GT), and the distance to nearest road in the Fort
Stewart military installation in Georgia, United States. (A) Ephemeral ponds and main roads. (B) Suitability index for GT. (C) Distance to nearest road as a proxy for
costs.

designated for the conservation of species s (Xsji = 1), then site j
must be a central site for that species (Xsjj = 1). Constraints (4)
and (5) are viable population requirements for the GFs and the
GTs, respectively. Constraint (4) states that if a site j is selected as
the center for a GF conservation area (Xs1jj = 1) then some of its
adjacent sites i must be selected and these sites, including site j,
collectively cover at least Pf ponds. Constraint (5) is interpreted
similarly except that it is stated for the GTs and burrows instead
of ponds. Constraint (6) states that if a site i is selected for species
s (Usi = 1), thenthat site belongs to exactly one conservation area
P
for that species
j∈Ni Xsji = 1 ; this prevents multiple counting
of a site’s contribution to the protection of the same species.
A site, however, can be assigned to different conservation areas
when these areas are designated for different species. Constraint
(7) states that if a site i is selected for the GFs (Us1i = 1), then
within it and the sites adjacent to it there must be some selected
GT sites (Us2j = 1) to provide at least Bf burrows to the GFs.
Finally, constraint (8) states that if a site is to be included in a
conservation area for one of the two species (Usi = 1), then it
must be a selected site (Vi = 1) and will be accounted for in the
objective function.

considering the GF and GT as target species. The data about
the location of the military installation was obtained from Ft.
Stewart. The data on the suitability and carrying capacity for
the GTs were obtained from National Biological Information
Infrastructure (Elliott et al., 2003). The location of vernal ponds
were obtained from Ft. Stewart. We overlaid the installation
area with a square grid partition that includes 30 rows and 55
columns where each square in the partition (cells or sites) has
an edge of 1 km. In the data, the carrying capacity of individual
cells ranges between 0 and 601 GTs per cell, and the number
of ponds in each cell ranges between 0 and 13. Figure 1 shows
the locations of the ponds, the density of GT carrying capacity,
and the cells’ distances to the nearest road. We first designed
conservation areas for these two species with no consideration
of the dependency of GF on GT burrows, that is, we solved
the model without constraint (7) (Plan A). We then generated
alternative site selections by varying the number of conservation
areas for individual species (rs ), the minimum number of ponds
in individual GF conservation area (Pf ), the minimum value of
carrying capacity of the individual GT conservation area (Bt ), and
the minimum value of carrying capacity of GT sites adjacent to
GF sites (Bf ). The sites that have at least one pond in each have
an average value of 25 ponds in their adjacent sites (including
the site itself). Similarly, those sites that have a non-zero GT
carrying capacity have an average of 578 GT carrying capacity
in their adjacent sites (including the site itself), and the average
GT carrying capacity across those sites is 68. We set the values

EMPIRICAL APPLICATION
We applied the model presented above to the dataset of the
Fort Stewart military installation in Georgia, United States,
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of Pf , Bt , and Bf higher than these values so that the model will
select high-quality sites. Here we present the results with rs = 2,
Pf = 40, and Bt = 700, that is, we design two conservation areas for
each species and require each GF conservation area to contain at
least 40 ponds and each GT conservation area to have a carrying
capacity of at least 700 individuals. We set the values of Bf at
100 (Plan B) then at 200 (Plan C) to investigate the sensitivity
of results to the number of burrows in the sites adjacent to a
selected GF site. We used Gurobi (9.0.2) integrated in GAMS
(32.1.0) to solve the model (GAMS, 2021). Our computer was
a Lenove Desktop with an Intel Pentium CPU of 2.8 GHz and
a RAM of 8.0 GB.
Figure 2 displays the locations and spatial layouts of the
selection results for the three conservation plans described
above. Table 1 summarizes those selection results, including the
number of selected sites in each conservation plan, the total and
average distances between the selected sites and the nearest main
roads to them, and the extent of overlapping of the GF sites
with the GT sites.
In Plan A where we did not consider the dependency of GF
on GT burrows, a total of 14 sites were selected (Table 1). The
conservations areas for GF and GT were separated and far apart
from each other (Figure 2A), with no overlap of the GF sites with
the GT sites. In Plan B, where we considered the dependency of
GF on GT burrows and required that around each GF site there
must be some GT sites to provide at least 100 burrows, a total
of 20 sites were selected, among those 12 were GF sites. Of those
12 GF sites, six sites were also GT sites, thus resulting in a 50%
overlap of the GF sites with the GT sites. In Plan C, where we
increased the minimum number of burrows (Bf ) to 200, a total
of 17 sites were selected for the two species. Those sites were
clustered and formed one big conservation area located in the
northwest of the installation. Of the 17 selected sites, 13 were GF
sites of which 12 were also GT sites, resulting in a 92% overlap.
As the conservation goal was made more ambitious, the cost of
the conservation program, namely the total distance between the
selected sites to the nearest main roads, increased. These results
are intuitive because when the dependency of GF on GT burrows
was not considered, the model selected the GF sites and the GT
sites nearest to the main roads to minimize the total distance.
When the dependency of GF on GT burrows was considered, the
selected GF and GT sites must be either overlapping or adjacent
to each other so that the GFs could find burrows in those GT
sites. When a greater number of burrows was required, a higher
percentage of the selected GF sites were overlapping with the GT
sites, as can be expected. We note that it is just a coincidence
that in this particular application the conservation areas for the
two species were clustered to form one big conservation area in
Plan C. This is a matter of the data set used here, in particular
the distances between those sites to the nearest main roads and
the distributions of ponds and burrows across those sites. It is
possible that when a greater number of burrows are required to be
adjacent to the GF sites, the model could configure two separate
conservation areas as shown in Figure 2B.
Our empirical results suggest that the model is solvable
without serious computational difficulty, which is an important
concern when working with mixed-integer programming

Frontiers in Ecology and Evolution | www.frontiersin.org

FIGURE 2 | Selection results of alternative conservation plans with rs = 2,
Pf = 40, and Bt = 700. (A) Plan A that does not consider the dependency of
Gopher Frog (GF) on GT burrows, namely Bf = 0. (B) Plan B that considers
the dependency of GF on GT burrows with Bf = 100. (C) Plan C that
considers the dependency of GF on GT burrows with Bf = 200.

models. In the model, we allowed the selection of all of the
1,650 sites included in the partition (30 rows and 55 columns)
except those sites that include part of a main road in them.
This resulted in a fairly large-scale model including 35,402
equations and 33,639 variables. Yet, the model could be solved
in less than 1 s under all the scenarios described above. This is
a clear indication that the model could be an extremely useful
computational tool even in larger empirical applications (more
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TABLE 1 | Summary of selected results for alternative conservation plans.
No. of selected sites

Total distancea

A

14

13,269.6

947.8

0

B

20

52,578.0

2,628.9

50.0

C

17

98,026.7

5,766.3

92.3

Plans

Average distancea

Overlap (%)b

a The

total and average distances are the distance of selected sites to the nearest main roads in the military installation; b In each conservation plan, the percentage
overlapping is calculated as the number of Gopher Frog (GF) sites which are also GT sites divided by the number of GF sites × 100.

economically and ecologically effective conservation planning
strategies for the GFs and GTs considered in this paper. Although
we did not include a direct mechanism to impose contiguity and
compactness in the model, both the contiguity and compactness
of the joint conservation areas are promoted by selecting sites
adjacent to central sites (both the selected areas and their
centers are determined by the model). This is because neither
of these species needs a very large home range to sustain a
viable population, and therefore a central site along with the
sites adjacent to it would be large enough (about 900 ha)
to meet the specified conservation goals. This renders us the
convenience in model building as we can omit the contiguity
requirement. If, however, a larger conservation area is to be
established and some sites not necessarily adjacent to the center
sites need to be included in the selection, the contiguity of
selected sites has to be enforced explicitly. The model presented
here can be modified for that purpose by introducing explicit
constraints to achieve contiguity of the conservation areas. We
note, however, that spatial contiguity is a difficult issue to
address in an optimization framework. Although a few alternative
modeling approaches have been presented in the literature (see,
e.g., Önal et al., 2016; Wang et al., 2020), those approaches
suffer from computational inefficiency. In general, MIP models
become difficult to solve to exact optimality as the model
size becomes larger. This is the case when spatial attributes,
such as contiguity and compactness, are considered because
incorporating these attributes requires additional constraints and
discrete variables, which can be numerous when a large number
of sites are involved in the analysis. It is highly likely that the super
computational efficiency of the model we present here would
also be compromised if we explicitly imposed contiguity. Readers
who are interested in modeling spatial attributes, contiguity in
particular, and the computational performance aspects of those
models, are referred to Wang et al. (2018).
Due to the data availability, we have used the number of
ponds as a proxy for the likelihood of successful breeding of the
GFs in each conservation area, without considering other data
features such as the area of each pond and its probability of going
dry. Ideally, those data should be obtained as they probably are
more relevant in describing the conservation planning goals. The
model presented here could be modified to incorporate those
data when they are available. For example, instead of conserving
a specified number of ponds in each conservation area for the
GFs, we may secure a certain amount of total pond area, or
ensure a specified threshold probability of having water in at
least some GF sites within the conservation area. Incorporating
such uncertainties into the model would require a nonlinear

interacting species to protect and more sites to choose). The
solution times were very small in this particular application
possibly because only a small number of selected sites could
satisfy the conservation goals. We speculate that the solution
time could increase significantly with the number of sites
to be selected under stringer conservation goals, which is
yet to be tested.

CONCLUSION AND DISCUSSION
We have developed a MIP model for the conservation site
selection problem of two important species, GT and GF in the
military installation of Fort Stewart in Georgia, United States. The
model selects a specified number of conservation areas for each
species, with each area satisfying a specified conservation goal
to promote the long-term survival of the two target species. We
integrated the dependency of the GFs on GT burrows by selecting
GT sites around each GF site to ensure the GFs’ accessibility
to GT burrows. The methods are generalizable to other reserve
site selection and land management settings with cohabiting
interrelated species.
In our previous work where the same area and species were
used in the empirical application (Dissanayake et al., 2014; Wang
et al., 2020), we incorporated the dependency of the GFs on
GT burrows when targeting to conserve these two species. In
this paper, we emphasized the importance of considering this
interspecies dependency and showed that the results could be
dramatically different if this dependency was ignored (compare
panel A with panels B and C in Figure 2). Also, based on
the fact that the GFs have some capacity to travel, we relaxed
the requirement that all selected GF sites be GT sites. Instead,
we required that a selected GF site must have some selected
GT sites adjacent to it to provide an adequate number of
burrows so that the GFs can find refuge in those burrows when
weather conditions are not favorable in and around seasonal
ponds that they normally rely on. This permits some level of
non-overlapping of the GF conservation areas with the GT
conservation area and offers additional flexibility in conservation
planning. As the required number of these burrows becomes
larger, one would expect the GF conservation areas to overlap
more with those of the GTs. Our empirical results confirm this
intuitive expectation.
In most cases, spatial considerations play a crucial role in
the effective functioning of nature conservation areas. Contiguity
and compactness, in particular, are given special emphasis by
conservation planners. This is the case also when designing
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model which may be difficult to solve to optimality. However, the
difficulty may be overcome by using linearization techniques that
transform the nonlinear model into a linear one (see, e.g., Wang
and Önal, 2016). We are planning to utilize the pond area and/or
survival probability in our future research.
Pond-breeding species such as the GFs used in this paper
generally have very limited abilities to disperse and often form
metapopulations that may be scattered across the landscape
and far apart from each other (Marsh and Trenham, 2001;
Smith and Green, 2005). In conservation planning for such
species, it may be desirable to consider the metapopulation
dynamics of species. One way to promote the likelihood of
species’ long-term persistence would be achieving some level of
connectivity for those metapopulations (Hanski, 1998; Baguette,
2004). Although the model presented in this paper configures
multiple conservation areas (specified by the parameter rs ) for
individual target species, it does not consider the metapopulation
dynamics of the species. The model can be modified to encourage
interactions between species populations by requiring that
around the center site (represented in the model as the binary
variable Xsjj ) of each conservation area there should be, for
example, at least one other center site around which another
conservation area is formed. The model may also be modified to
discourage interactions between species populations by requiring
that two sites could not both serve as center sites if the distance
between them is under a distance threshold.
Finally, our model has been static in the sense that it selects
conservation areas that, once selected, would presumably exist
for at least a quite long period. Because military training may
take different forms over the year and may require different

geographic conditions in different locations, it may be reasonable
to integrate the conservation selections with military training
requirements by taking into account the life cycle of target
species, such as breeding, larval, and dispersal periods. More
data including species life cycle and military training activities
would be needed. We did not explore this thread of thoughts
in the present paper, but our model provides a basis on which
a more realistic and applicable conservation selection model
may be developed.
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